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ABSTRACT 


The  electronic  properties  of  pyrolysis  products  of 
sodium-,  calcium-  and  thorium-doped  Ion-exchange  resins  were 
Investigated.  The  resulting  pyro-polymers  are  degenerate 
semiconductors  whose  resistivities  decrease  from  approximately 
0.1  to  0.01  ohm-cffl  as  the  pyrolysis  temperature  Is  increased 
from  800  to  1200^0.  Resistivities  can  be  altered  roughly  by 
a  factor  of  two  with  appropriate  doping. 

The  materials  exhibit  the  negative  resistivity-tempe¬ 
rature  behavior  common  to  semi-conductors,  and  have  small 
(  .005  to  .05  ev)  energy  gaps.  Small,  negative  (0  to  -  .06 
om^coul)  Hall  coefficients  were  observed. 

Carrier  concentrations  are  estimated  at  approximately 
1-3  X  10®®  per  cm®,  with  mobilities  of  1-4  cm® /volt-sec. 


INTRODUCTION 


This  study  is  an  extension  of  previous  work  done 

in  this  laboratory  with  nickel  and  aluminum-doped  pyro- 
1  2 

polymers.  *  Sodium,  calcium  and  thorium-doped  materials 
have  been  investigated  to  determine  the  effects  of  mono-, 
di-,  and  tetravalent  metals  on  the  electronic  properties  of 
the  pyro- polymers,  and  if  possible,  to  shed  some  light  on 
the  conduction  mechanisms  in  this  class  of  compounds. 

Although  the  investigation  of  semi-conduction  in 
organic  materials  has  only  fairly  recently  begun  to  receive 
serious  attention,  much  work  has  been  done  on  the  subject  in 
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the  past  decade  . 

It  is  felt  that  semi- conduct ion  in  polymers  arises 
from  a  high  degree  of  conjugation  in  the  system.  In  general, 
two  methods  have  been  used  to  obtain  these  highly  conjugated 
systems,  (1)  direct  synthesis,  and  (2)  pyrolysis.  Both 
methods  have  received  extensive  treatment  at  this  laboratory 
and  elsewhere,  but  the  latter  is  particularly  advantageous 
for  use  in  the  investigation  of  doped  polymer  semi-conductors. 

It  has  been  shown  that  the  material  produced  by 
pyrolyzing  a  carbon-based  organic  compound  above  700®C  is 
relatively  Independent  of  the  nature  of  the  starting  material. 
As  the  pyrolysis  temperature  is  raised,  the  conjugation  of 
the  system  increases,  until  at  approximately  2700  -  3000®C, 
the  structure  is  essentially  graphitic. 

At  temperatures  up  to  700®C,  large  quantities  of 
volatiles  are  evolved  as  crosslinking  and  aromatlzation  begin. 
As  the  pyrolysis  temperature  increases  further,  the  conden¬ 
sation  of  the  material  continues,  forming  highly  aromatic 
"stacked  sheets"  of  short-range  order.  The  structure  has  been 
likened  to  a  sack  of  coins,  with  variations  in  the  orientation 
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and  size  of  the  individual  stacks.^  The  orientation  and  size 
of  the  aromatic  planes  increases  as  the  pyrolysis  temperature 
is  raised  until  the  aromatic  layer  structure  of  graphite  is 
achieved*  The  formation  of  polymer  carbons  has  been  treated 
in  detail. 

Since  the  pyrolysis  products  investigated  here  con¬ 
tain  appreciable  quantities  of  elements  other  than  carbon 
(OfH,N),  the  term  pyro-polymers  would  seem  a  more  appropriate 
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description  than  polymer  carbons. 

The  pyrolysis  of  doped  ion-exchange  resins  has 
proved  to  be  an  experimentally  effective  method  of  intro¬ 
ducing  doping  agents  into  the  pyro-polymers.  It  provides  a 
convenient  method  of  doping  with  a  wide  variety  of  impurities 
over  a  controlled  range  of  doping  levels.  Although  no  one 
has  yet  used  the  procedure  for  doping  with  electronegative 
elements,  there  seem  to  be  no  reasons  why  such  a  procedure 
would  not  work,  using  anion- exchange  resins.  In  addition  to 
providing  an  experimentally  simple  means  of  varying  doping 
levels,  this  procedure  does  not  leave  a  salt  residue  in  the 
pyro-polymer .  Such  an  ionic  residue  could  contribute  ionic 
conduction,  which  would  interfere  with  investigation  of  the 
mechanisms  of  semi-conduction  in  the  material.  Also,  the 
doping  agents  are  initially  atomically  distributed  throughout, 
and  chemically  bonded  to,  the  carbon  base  material  (whether 
they  remain  as  such  after  pyrolysis  is  another  matter). 

There  are,  however,  drawbacks  to  this  technique, 
probably  the  moat  important  of  which  is  that  the  final  pyro- 
polymers  are  heterogeneous  materials.  As  a  result,  factors 
such  as  particle  size,  pressure,  and  various  surface  phenomena 
probably  influence  the  observed  electrical  properties  of  the 
bulk  materials.  Also,  the  use  of  a  binder  to  maintain  the 
pyro-polymers  in  the  form  of  easily  handled  pellets  introduces 
some  material  to  the  aggregate  which  is  not  uniformly  doped 
as  is  the  rest  of  the  material.  Although  these  factors  may 


be  held  fairly  constant  while  Investigating  a  series  of 
pyro-polymers,  they  introduce  complications  and  uncertainty 
in  trying  to  develop  a  theoretical  interpretation  of  the 
electronic  properties  of  the  compounds. 


The  relatively  high  conductivity  of  800®-1200®C 
pyro-polymers  is  thought  to  arise  from  the  presence  of  a 
large  number  of  charge  carriers.  As  pyrolysis  proceeds*  and 
the  material  condenses  into  layered  aromatic  stacks*  the 
removal  of  small  molecules  HgO*  COg*  NH^*  etc.)  leaves 

free  radicals  at  the  edges  of  the  layers.  These  edge  radi¬ 
cals  may  then  produce  carriers  according  to  the  following 
type  of  reaction 
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Dissociation  within  the  layers  may  also  produce  carriers: 
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The  band  theory  of  solids  has  achieved  outstanding 
success  in  describing  inorganic  semi-conductors.  Applying 

this  theory  to  the  observed  properties  of  pyro-polymers  in- 
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dicates  a  carrier  concentration  of  roughly  10  ’  /zar  (as 

1 3— ll  3  113 

compared  with  10  ^ J car  for  germanium  and  10  /col  for 

1  3 

silicon).  Thus,  it  would  be  expected  that  much  higher 

impurity  levels  would  V)e  required  to  affect  the  electronic 
properties  of  the  pyro-polymo;rs  than  the  parts  per  hill  ion 
needed  in  germanium  and  silicon,  assuming*  of  course*  that 
the  impurities  influence  conductivity  through  similar  mech¬ 
anisms.  However*  the  rigorouB  applicability  of  the  band 
theory  to  heterogeneous*  largely  amorphous  pyro-pol j'mers  is 
extremely  doubtful.  Inasmuch  as  it  has  been  developed  for 
single  crystals. 
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There  are  several  ways  in  which  doping  might  be 
expected  to  Influence  the  (3ectronic  properties  of  pyro- 
polymers  (considering  only  the  metallic  doping  agents  of 
valencies  1*2,3  and  4  Investigated  at  this  laboratory ) . 

As  in  the  case  of  classical  semi-conductors,  the  impurity 
atoms  might  occupy  positions  in  the  lattice  of  the  base 
material  (i.e.,  in  the  aromatic  carbon  layers  of  the  pyro- 
polymers),  and  by  capturing  electrons  in  their  deficient 
outer  shells,  create  positive  carriers  (holes).  Thorium, 
a  tetravalent  metal,  would  not  be  expected  to  affect  con¬ 
ductivity  through  this  mechanism.  Alternatively,  the  electro¬ 
positive  metals  might  simply  contribute  mobile  electrons 
to  the  structure.  Also,  clusters  of  metal  or  compounds  of 
the  metals  (oxides,  carbides,  nitrides,  etc.)  might  be 
present,  either  in  the  aromatic  planes  or  between  them. 

It  is  conceivable  that  non-conducting  compounds  could  in¬ 
crease  the  distance  betv/een  aromatic  planes,  lowering  con¬ 
ductivity  in  the  direction  perpendicular  to  the  planes,  and 
thus  in  the  bulk  material.  Conductive  compounds  or  the 
elemental  metal  would  exert  an  opposite  effect,  easing 
carrier  transfer  between  planes. 

Any  or  all  of  these  mechanisms  (among  other) 
might  be  occuring  in  the  metal-doped  pyro-polymers .  It  is 
hoped  that  this  study,  in  conjunction  with  previous  ones, 
might  help  to  elucidate  this  situation,  as  well  as  extend 
the  available  data  on  the  eiectrica]  properties  of  this 
class  of  materials. 

KXPCRlMCNTnl.  PKOCl.UURI'^J 

3 .  Preparation  of  the  Doped  Pyro-Polymers 
A ,  Pre-Treatment  of  R<sin 

The  ion  exchange  rcjsin  (Rohm  fy  Haas  XL;P9,  a  poly-- 
acrylicacid  crosslinkcd  with  divinylben  zene )  was  first 
washed  with  HCl  to  remove  any  traces  of  iron  which  might  be 
present  in  the  materi  al  as  si'ppllcd.  Two  liters  of  the  resin 
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(maasured  under  the  HCl  solution)  were  slurried  with  two  liters  of 
1-N  HCl  (reagent  grade  and  distilled  water)  in  a  4*1  beaker  and  left 
standing  for  four  hours.  The  slurry  was  then  poured  into  a  2-ln* 
diameter  glass  column  with  a  stopcock  at  the  bottom.  A  wadi'  of  glass 
wool  prevented  the  resin  from  draining  out  of  the  column  when  the 
dbopcock  was  opened.  The  resin  was  washed  with  an  additional  3  liters 
of  1-M  HCl  at  a  rate  of  about  1/4  liter/hour. 

The  acid  was  followed  by  a  washing  with  6  liters  of  dis¬ 
tilled  water  over  a  period  of  3  hours  until  a  pH  of  approximately  6 
was  attained.  There  was  a  noticeable  increase  In  the  volxune  of  the 
resin  as  the  acid  was  removed.  At  all  times,  the  liquid  level  was 
maintained  above  the  resin  to  prevent  channeling. 

The  slurry  was  then  poured  Into  a  beaker  and  enough  2Q% 
reagent  grade  NH3  was  added,  with  continuous  stirring,  to  bring  the 
pH  to  10.  Small  amounts  of  NH3  solution  had  to  be  added  over  a  5  hr. 
period  to  maintain  the  pH  as  was  absorbed.  The  resin  underwent 
a  pronounced  swelling  upon  addition  of  the  roughly  doubling  Its 

original  volume.  This  swelling  Is  reported  to  increase  the  speed 
and  thoroughness  of  the  doping  procedure^*^.  The  resln-NH^  slurry 
was  left  standing,  with  occasional  stirring,  for  57  hrs.,  after  which 
It  was  poured  back  into  the  column  (In  two  Installments),  and  washed 
with  a  total  of  30  liters  of  distilled  water  to  bring  the  effluent 
pH  to  approximately  7, 

B.  Doping 

Three  hundred  ml.  (measured  under  water)  of  the  resin  were 
placed  in  each  of  twelve  500  ml.  bottles,  allowed  to  settle,  and  the 
excess  water  decanted.  To  each  bottle  was  added  100  ml.  of  a  solution 
of  either  Ha,  Ca  or  Th  nitrate  of  the  concentration  indicated  in 
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Table  I.  The  slurry  was  rapidly  stirred  with  a  TFE-glaas,  motor- 
driren  paddle  as  the  solutions  were  added. 

TABLE  I  -  Doping  Concentration 
Code  I  II  III  IV 

(metal  ion  oono.)  4.5N  1.5N  0.45M  0.15II 

The  remaining  resin  (approx.  500  ml.)  was  left  in  the  KR^  form. 

When  the  solutions  of  Th(NO^)^  were  added  to  the  resin, 
a  thick,  white,  gelatinous  precipitate  formed.  Adding  some  NH^OH 
to  a  separate  solution  of  Th(N03)4  indicated  this  precipitate  was 
thorium  hydroxide,  formed  as  the  Th^'^ions  replaced  the  NH^  in  the 
exchange  reaction.  Enou^  HNO3  was  added  to  the  jara  to  bring  the 
pH  to  approximately  3.  dissolving  the  precipitates.  Unfortunately, 
this  decreased  the  amount  of  Th  absorbed  by  the  resin,  resulting  in 
low  doping  levels  in  the  final  pyro- polymers.  No  precipitates  were 
formed  with  the  Ma^  and  Ca'**'^  solutions.  The  jars  were  left  standing 
with  frequent  shaking  for  20  days  to  allow  the  ions  to  be  evenly  ab¬ 
sorbed  throughout  the  resin. 

After  the  20  days  period,  the  contents  of  each  jar  was 

dumped  into  the  colxunn  and  washed  with  distilled  water  to  remove  any 

unabsorbed  ions  which  might  leave  a  salt  residue  in  the  final  poly- 
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mer.  Six  lite. s  of  water  were  used  for  Ca  I.  Na  I  and  the  entire 
Th^'^  series  (to  remove  the  added  HNO3) ,  and  3  liters  for  the  remain¬ 
ing  samples. 

Each  sample  was  then  placed  in  an  evaporating  dish  and 
dried  overnight  in  a  forced-air  oven  at  lOO^^C.  The  dried  products 
occupied  only  a  fraction  of  their  former  volume,  but  were  still  in  a 
white,  spherical  form. 
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C,  Pre-oxldation 

The  dried,  doped  resin  was  then  placed  In  a  petrl  dish 
and  pre-oxldlzed  at  ZOO^C,  for  24  hours.  It  has  been  shown  that 
this  procedure  decreases  the  weight  less  in  the  subsequent  pyrolysis 
operation,  probably  by  allowing  the  hydrogen  in  the  sample  to  be 
driven  off  as  water  rather  than  as  hydrocarbons  during  pyrolysis®. 

The  pre-oxldatlon  also  cross-links  the  resin,  the  Importance  of 
which  will  be  described  below. 

Sodium  and  calcium  Imparted  an  appreciable  degree  of 
oxidation  resistance  to  the  resin.  After  24  hours  at  300<>C.  the 
Na^I  sample  was  a  deep  purple,  while  the  Ca’*^  I  was  light  brown.  All 
the  other  samples  were  black,  at  least  on  the  surface.  After  much 
difficulty  with  the  subsequent  pyrolysis  procedure.  In  which  "foam¬ 
ing"  occurred  if  pre-oxldatlon  had  been  Insufficient,  It  was  dis¬ 
covered  (by  grinding  them  in  a  mortar)  that  in  some  cases,  although 
black  on  the  surface,  the  resin  spheres  had  not  been  completely 
oxidised  throughout.  When  this  occurred,  it  was  necessary  to  grind 
the  complete  sample  In  the  mortar,  and  return  it  to  the  oven  for 
further  oxidation. 

D.  Pyrolysis 

After  oxidation,  the  samples  were  pyrolysed  at  600OC.  to 
drive  off  the  major  portion  of  the  volatiles  and  minimize  the  poro¬ 
sity  of  the  final  pellet.  Approximately  7  grams  of  oxidized  resin 
were  placed  in  the  covered  combustion  boat  end  slid  into  the  furnace 
tube.  Helium  was  passed  through  the  tube  into  a  benzene-filled 
bubbler  at  a  low  rate  (roughly  2--3CC/mln. ) .  When  the  sample  reached 
4000c,,  a  rapid  evolution  of  gas  began,  which  was  trapped  in  the 
bubbler  and  the  cool  end  of  the  tube  as  a  brown  foul-smelling  tar. 
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Th«  temperature  was  maintained  at  dOO^’C.  for  two  hours,  after  which 
the  current  was  shut  off  and  the  sample  allowed  to  cool.  The  helium 
atmosphere  was  maintained  until  the  sample  had  cooled  down  at  least 
to  lOOoc, 

A  great  deal  of  trouble  was  encountered  during  the  pyro¬ 
lysis  of  samples  which  were  later  found  to  be  Incompletely  oxidized. 
These  materials  "foamed”  leaving  the  boat  and  plugging  the  "down¬ 
wind”  part  of  the  tube.  In  most  of  these  Instances,  very  little 
resin  was  left  In  the  boat.  After  a  thorough  pre-oxldatlon,  however, 
the  resin  retained  Its  granular  form  and  remained  In  the  boat,  with 
some  shrinkage  and  a  very  slight  cohesion. 

E.  Molding  Pellets 

The  product  of  the  dOO^C.  pyrolysis  was  ground  In  a  mortar 
with  20^  Bakellte  BRP  5417,  a  low-ash  phenolic  binder,  which  had 
been  previously  dried  for  24  hours  at  lOO^C. 

Approximately  0.6  g.  of  the  above  material  was  molded  to 
a  hard,  crossllnked  pellet  cured  for  15  minutes  at  32,000  psl,  with 
the  press  platens  maintained  at  325^?.  (The  heavily  doped  Th 
materials  had  a  higher  density  than  the  others,  and  6.8  g.  was  used 
to  mold  the  Th^"*"!  samples.)  Upon  the  removal  from  the  mold,  the 
pellets  were  placed  In  an  alrtl^t  glass  vial. 

The  more  highly  doped  samples  formed  an  extremely  strong 

bond  with  the  steel  mold  surfaces  In  spite  of  attempts  to  prevent 

sticking  by  meticulously  polishing  the  mold  surfaces.  The  bond 

formed  with  the  Na^ 1  samples  was  the  strongest,  but  those  formed 
4  I  r 

by  the  Na  II  and  the  highly  doped  Ca  and  Th^^  samples  were  by  no 
means  weak  -  in  most  cases  large  chunks  of  cured  resin  were  left 
sticking  to  the  mold  when  the  pellets  were  forcibly  removed. 
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The  problem  was  finally  solved  by  very  lightly  brushing 
the  hot  mold  surfaces  with  a  TFE  dispersion,  “Waxlube  Liquid 
Teflon”  (Bel-Art  Products,  Pequannock,  N,  J.),  cut  4:1  with  dis¬ 
tilled  water  and  containing  a  few  drops  of  trlethylamlne  as  a 
suspending  agent.  A  fresh  coat  of  this  mold-release  agent  had  to 
be  applied  for  each  pellet,  as  most  of  the  TFE  remained  on  the  sur¬ 
face  of  the  pellet. 

P.  Heat  Treatment 

The  surfaces  of  each  pellet  were  carefully  sanded  with 
aluminum  oxide  cloth,  320  grit,  to  remove  all  traces  of  TFE.  A 
camel's  hair  brush  was  used  to  remove  any  loose  surface  material 
from  the  pellets.  Their  weights  were  then  recorded  and  four  (I,  II, 
III,  IV  of  a  given  Ion)  were  placed  slde-by-side  In  the  graphite 
boat  (their  positions  carefully  noted),  and  were  covered  by  a  graphite 
retaining  spool  to  hold  them  In  place.  The  pellets  were  arranged 
with  their  long  axes  parallel  to  the  axis  of  the  tube  and  boat,  and 
placed  so  that  their  centers  would  be  near  the  Junction  of  the  re¬ 
gulating  thermocouple  when  the  boat  was  inserted  In  the  tube.  The 
pellets  were  maintained  at  the  desired  temperature  (300,  1000,  or 
1200*^0,)  for  two  hours  with  helium  passing  over  them  as  in  the  600° 
pyrolysis.  After  they  had  cooled,  the  boat  was  removed  to  the  dry- 
box  (the  samples  were  kept  isolated  from  the  ntmosphere  until  the 
electrical  measurements  were  completed),  and  the  pellets  were  then 
placed  In  Individual,  scrcw-top  bottles  which  had  been  kept  In  the 
dry-box  during  the  heat  treatment, 

G ,  Eloctrical  Measurements 

The  sample  y/as  removed  from  its  bottle  and  placed  in  the 
coll,  which  was  thon  inserted  In  the  brass  box  and  sealed  by  tightly 
bolting  on  the  cover,  all  work  being  done  In  the  dry-box.  (The  cell. 
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Its  box  and  cover  were  kept  In  the  dry-box  for  at  least  two  hours 
prior  to  inserting  the  sample)*  The  enclosed  sample  was  then  re¬ 
moved  from  the  dry-box  and  placed  between  the  poles  of  the  large 
magnet  with  dried  N2  passing  through  the  copper  box.  All  leads 
were  connected  and  at  least  a  half  hour  allowed  to  reach  tempera¬ 
ture  equilibrium. 

The  thermocouple  EMF  was  then  read,  and  with  a  current  of 
10  milliamps  flowing  through  the  sample,  the  voltage  drops  between 
the  two  sets  of  resistance  contacts  (see  Figure  1)  were  read  and 
recorded.  This  procedure  was  repeated  at  least  three  times  to  Insure 
reproducibility. 

The  current  through  the  sample  was  then  Increased  to  rough¬ 
ly  100  milliamps,  and  the  magnet  current  (which  varied  between  8  and 
12  amps)  was  turned  on.  The  Hall  voltage,  the  magnet  current,  and 
the  sample  currents  were  recorded.  The  magnet  current  was  then  re¬ 
versed  as  quickly  as  possible  and  the  Hall  voltage  again  recorded. 

This  procedure  was  repeated  several  times,  with  the  initial  direction 
of  the  field  alternated  (to  counteract  any  effects  the  magnet's  field 
might  have  on  the  galvanometer).  The  magnet  current  readings  were 
recorded  between  each  reversal  of  field,  since  the  magnet  current 
decreased  slowly  due  to  the  heavy  drain  on  the  batteries.  The  di¬ 
rection  of  the  magnetic  field  and  the  sign  of  the  potentiometer  set¬ 
ting  were  recorded  at  each  reading  to  determine  the  sign  of  the  Hall 
voltage.  This  method  had  the  advantage  of  giving  a  reading  of  twice 
the  Hall  voltage  (the  difference  between  the  field-reversed  readings), 
which  is  important  in  view  of  the  small  Hall  voltages  encountered. 

The  field  strength-current  calibration  forthe  Hall  magnet 
was  obtained  with  a  previously  calibrated  sample  in  place  of  the  teat 
pellet. 
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Tho  cell-box  was  then  immersed  In  a  Dewar  flask  contain¬ 
ing  a  stirred  dry-lce-acetone  slurry.  After  allowing  an  hour  to 
reach  temperature  equilibrium,  the  resistance  was  measured  exactly 
as  was  done  at  room  temperature.  The  box  was  taken  from  the  bath 
and  allowed  to  warm  up  and  the  pellet  was  then  removed,  weighed, 
and  measured  with  a  micrometer,  after  which  It  was  replaced  In  Its 
bottle  and  stored  In  a  desaicator. 

H.  Analysis 

Samples  of  the  1000<>C.  pellets  were  commercially  analyzed 
for  C,  H,  N,  and  metal  content.  Duplicates  of  each  sample  were  pro¬ 
vided,  and  the  results  checked  to  within  6^. 

The  above  analyses  were  assumed  to  apply  roughly  to  the 
6000  and  1200®  calcium  and  thorium-doped  pellets  also,  since  the 
differences  In  weight  loss  between  pellets  pyrollzed  at  the  three 
temperatures  was  slight.  In  the  case  of  the  sodium-doped  pellets, 
however,  the  strong  probability  (see  Discussion  of  Results)  that 
metallic  sodium  distilled  from  pellets  heat  treated  at  lOOQO  and 
1200OC.  Invalidates  such  an  assumption.  Therefore,  the  variations 
of  electronic  properties  with  sodium  doping  level  are  presented  only 
for  the  lOOOOC.  pellets  actually  analyzed.  The  800°  and  1200® 
pellets  are  referred  to  by  the  codes  for  the  Initial  doping  Ion  oon- 
centratlons  (Table  1). 
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APPARATUS 


Pre-oxldatlon 

The  doped  reains  eere  pre-oxldlzed  In  a  Cooley  type  MP2 
eleotrloally  heated  muffle  furnace,  with  an  internal  cavity  approxi¬ 
mately  6  X  4  X  13-1/2.  The  temperature  waa  automatically  controlled 
to  within  +  10®c. 


PyrolTiia  &  Heat  Treatment 

Heating  at  600,  800,  1000  and  1200<>C.  waa  done  in  a  Sentry 
model  V,  aize  2  electric  furnace.  The  furnace  temperature  waa  con¬ 
trolled  to  within  by  a  Leeda  &  Northrup  "Micromax'*  model  R 

controller. 


The  pelleta  were  placed  alde-by-aide  in  a  aemi -cylindrical 
graphite  boat  6  in.  long  x  1  in.  OD  x  1/2  in.  ID,  with  their  long 
axea  parallel  to  that  of  the  boat,  and  were  held  in  place  with  a 
graphite  apool.  Temperature  variation  among  pellets  aide-by-aide  was 
thus  odnimal  and  probably  did  not  exceed  2oc, 

The  boat  and  charge  were  placed  in  a  1  In.  stainless  steel 
pipe  passing  through  the  furnace,  with  the  center  of  the  charge  as 
near  as  possible  to  the  junction  of  the  controlling  thermocouple. 

One  end  of  the  stainless  steel  pipe  was  connected  to  the  helium 
supply  and  the  other  was  screwed  into  the  side  of  the  dry-box. 

Molding 

The  pellets  were  molded  in  a  three-piece  semi-positive  hand 
mold  with  a  1"  x  1/4"  x  O.OO"  rain,  cavity  and  a  Preco  model  PA6  press 
with  electrically  heated  platens. 

Measurement  Cell 

All  the  electrical  contacts  in  the  measurement  cell  (Figure 


1)  were  either  made  of  platinum  foil,  or  were  platinum-plated  for 
good  electrical  contact. 
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The  cell  was  placed  in  a  sheet  brass  box  closed  by  a 
1/8"  brass  top  and  rubber  gasket.  Two  pieces  of  l/4"  OD  copper 
tubing  were  soldered  through  the  top,  one  for  the  exit  of  the 
electrical  leads  and  the  other  for  nitrogen  inlet. 

Bleotrieal  Equipment 

The  resistivity.  Hall  and  thermocouple  leads  were  all  fed 
to  a  Leeds  tt  Northrum  type  K-3  potentiometer  through  a  double-pole 
4-throw  wafer  switch.  See  Figure  2,  The  current  flowing  through 
the  sample  was  regulated  with  a  Heathkit  RD-1  resistance  decade  box 
and  measured  with  a  milliammeter.  Its  direction  could  be  reversed 
with  a  DPDT  switch.  Power  was  supplied  by  a  six-volt  storage 
battery.  The  large  Hall  magnet  had  two  1153-turn  colls,  and  drew  up 
to  13  amps  from  a  series  of  six  twelve-volt  storage  batteries. 

Qualitative  thermoelectric  power  measvirdments  were  made 
using  two  alligator  clips  connected  to  a  millivolt  meter,  one  end  of 
the  sample  being  heated  with  a  small  soldering  iron. 

X-Ray  Spectrographs 

X-ray  spectrographs  were  made  with  a  Norelco  geiger- counter 
X-ray  spectrometer,  type  No.  12081,  using  an  iron  (<^-line)  source 
filtered  by  a  thin  Mn  window. 
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1«  Rtslstlvlty 


Calottlatloni 


«h«r« 

P  ■  rafllatlvlty,  ohm- cm 

R  ■  raslatanoa  of  tampla  batwaan  potantlal  probaa, 
ohma 

w  ■  width  of  aampla,  cm 
t  ■  thloknaaa  of  aampla,  cm 
d  a  dlatanca  batwean  potantlal  probaa,  cm 
In  tarma  of  tha  axparlmantally  maaaurad  quantltlaa,  with 
a  currant  of  10  mllllamparaa  flowing  through  tha  aaapla,  and  potan¬ 
tlal  probaa  1«675  cm  apart,  thla  baoomaa 
a  S86  Ewt 

whara 

p  ■  raaiatlvlty,  ohm-cm 
E  •  potantlal  drop  batwaan  probaa,  yolta 
w  s  aampla  width,  Inchaa 
t  a  aampla  thlcknaaa,  inchaa 

Eatlmata  of  tha  maximum  Inatrumantal  arror  in  raalatlwity  maaaura- 
manta, 

p  s  Ewt 

^  rr 

whara 

i  a  current  through  aampla,  amparaa 
Tha  arrora  in  each  individual  factor  are  aatlmated  aa  followa: 

E  =  .001  ,0000001  volt  a 

w  a  ,24  ,001  inchaa 

t  a  .IT-  ,001  inchaa 


1  • 


0.01  -jh  .0002  amperai 


.1.  f-  ^A. 

^  ^  C  ^  u'-  ^  <y 


-  .0001  .  .0002  .  .001  .  .001  .06  _ 

^  ^  ^  ^  ■  *0®  «*•  8^ 


2.  Hall  Goafflclent 

The  Hall  voltage  was  given 

V  •  10  ® 

Where 

I  ■  current  flowing  through  sample,  amperes 

H  s  magnetic  field  strength.  Gauss 

t  ■  thickness  of  sample  (perpendicular  to  potential 

probes),  cm 

V  *  Hall  voltage,  volts 
Rh  =  Hall  coefficient.  cmVooulomb 
The  Hall  coefficient  then  becomes,  in  terms  of  the  ex> 
perimenfcally  measured  quantities 


Ru  «  2,64  X  100  yt 

®  TTT 

where 

Rjj  ■  Hall  Coefficient,  cm^/coulomb 
V  *  Hall  voltage,  volts 
t  »  thickness  of  sample,  inches 
i  ■  current  through  sample,  mllliamps 
H  B  magnetic  field  strength,  kilogauss 
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3.  Energy  Gap 

Since  the  nnterlals  Investigated  here  are  degenerate 
semi-conductors  (i.e.,  they  have  a  large  number  of  carriers  and  a 
small  energy  gap),  the  usual  application  of  Boltzmann  statistics 
to  determine  the  energy  gap  (2kT  x  slope  of  a  log|''‘  vs.  l/T  plot) 
Is  not  strictly  valid. 

Energy  gaps  were  calculated  by  applying  Ferml-Dlrao 
statistics  to  a  degenerate.  Intrinsic  model  as  follows: 

a. 

where 

T  ■  conductivity,  (ohra-cm)"^ 
n  ■  number  of  carriers  per  ec 

1  4  >1  * 

Z'  *  ^  a  average  mobility  of  holes  and  electrons, 

cm^/volt-seo, 
lei  ■  carrier  charge,  coulombs 

Since  n  Is  proportional  to  )^^  and  Is 

approximately  proportional  to  t*’V2^12  effective  masses  are 

assumed  equal,  Is  therefore  proportional  to  y*) 

where 


Pl/gCy  )  •  Perml  function 
f  =  EQ/2kT 
Eq  •  energy  gap 
k  *  Boltzmann  constant 
T  s  absolute  temperature 

b.  Values  of  ^1/2^ tabulated  by  McDougall  and  Stoner^^ 

Jr 

were  plotted  vs,  >/ 

J 

'*  V  ^  '  were  plotted  against  Eq, 

'A'lZ 


c.  Values  of 


I  , 


where 
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/*■  1  s  resistivity  at  ®  -70OC 
1-^2  "  resistivity  at  T2  -  20°C 

Where  measurement  temperatures  differed  from  and  T2» 
short  extrapolations  to  these  temperatures  were  made  with  a  logj' 
va.  l/T  plot,  but  in  most  cases,  since  the  temperature  varied  less 
than  6®C  from  or  Tg,  and  the  change  in  resistivity  with  tempe¬ 
rature  was  so  small,  this  made  little  difference, 

d.  Energy  gaps  were  obtained  from  the  above  plot  using  oal- 
oulated  values  of  f 
4*  Resistivity-Density  Corrections 

Corrections  of  the  measured  resistivities  for  small 
variations  in  pellet  density  were  based  on  the  assumption  that  the 
oonduetivlty  is  directly  proportional  to  the  density,  l.e.. 


d 

o 

TT 


=  corrected  resistivity 

-  observed  resistivity 
=  corrected  density 

-  observed  density 

The  corrected  densities  were  estimated  by  using  the  mix¬ 
ture  lawl4.  ^  i  w^vg, 

where 

V  -  specific  volume  of  mixture  -  l/d^ 

Vi  &  V2  *  sfjeclfic  volumes  of  components  1  &  2 
"1  ^  *2  *  welKht  fractions  of  components  1  tr  2 
If  only  carbon  (graphite)  and  the  doping  metal  are  assumed 
present,  (1)  Wj^  *  (1  -  W2),  end  (2)  v  ■  Vj^  f  W2  (v2-  Vj^),  with  sub¬ 


whs  re 


To 
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soript  1  signifying  graphite  and  2  the  doping  metal.  To  account 
for  the  porosity  of  the  pellets,  equation  (2)  was  modified  to 

V  ■  Vo-f-  wgCvg  -  (3) 

where 

▼q  a  specific  volume  of  the  undoped  pellet 
The  procedure  is  shown  diagramnatioslly  below.  The  follow¬ 
ing  values  were  used^^. 

(graphite)  •  2.25  g/oo 
(oaloiun)  a  1.54 
(thorium)  *11.5 
(sodium)  ■  0.971 


5.  Analyses 

Sample  analyses  for  Ca  and  Th  were  reported  as  weight  per 
cent  C,  H.  N  and  mg  ash.  These  were  converted  to  atom  per  oent 
using  the  following  assumptions: 

a.  The  ash  reported  was  either  CaO  or  Th02 

b.  The  balance  of  the  sample  weight  was  oxygen. 

Sodium  content  was  reported  dlreotly  in  wei^t  per  oent. 
and  assumption  (b)  was  applied. 

The  results  are  given  in  Table  2. 
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Table  2,  -  Sample  Analyses 

Averages  of  duplicate  analyses  of  samples  pyrolysed  at  lOOOOc., 
in  atosi  percent. 


Metal 

Code 

C 

H 

N 

0 

Ca 

9.33 

I 

41.4 

24.2 

0.74 

24.2 

5.05 

II 

63.8 

16.3 

1.46 

13.5 

2.36 

III 

85.4 

6.65 

1.58 

3.95 

1.06 

IV 

89.3 

5.21 

2.16 

2.21 

Th 

2.81 

II 

71.2 

14.2 

1.17 

11.9 

2.63 

I 

73.7 

12.7 

0.622 

10.3 

0.775 

III 

82.7 

9.86 

1.75 

5.00 

0.322 

IV 

84.5 

9.23 

1.99 

3.92 

Na 

2.36 

I 

75.4 

14.6 

0.33 

7.33 

2.36 

II  • 

70.7 

18.2 

2.0 

6.78 

1.86 

III 

75.4 

11.6 

2.1 

8.76 

1.43 

IV 

82.6 

11.6 

2.1 

2.45 

0 

NH^ 

87.8 

5.5 

.5 

6.2 

Pyrolysed  9  800®c. 

Ha 

11.83 

I 

7.20 

II 

6.20 

III 

1.90 

IV 

63.67 

12.69 

5.52 

16.29 

59.61 

14.28 

4.08 

14.81 

66.19 

11.44 

3.27 

12.90 

70.32 

16.83 

2.04 

8.93 
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DISCOS8IOH  OP  RE8UI/PS 

Welrfit  Loaf  a 

The  weight  losses  of  pellets  pyrolyzed  at  800<),  1000^ 
end  1200OC.  are  presented  in  Table  3.  As  might  be  expected,  the 
losses  Increase  with  pyrolysis  temperature.  The  major  portion  of 
the  volatiles  are  driven  off  below  lOOO^^C.,  with  only  a  slight  lose 
In  weight  between  lOOOO  and  1200®C. 

The  calcium-doped  samples  show  an  Increase  In  weight  loss 
with  doping  level,  while  the  weight  loss  decreases  with  Increasing 
thorium  content.  Sodium-doped  pellets  pyrolyzed  at  800^0 .  appear 
to  undergo  a  slight  Initial  decrease  In  weight  loss,  followed  by  a 
larger  increase  as  the  doping  level  is  raised.  At  lOOO^^C.  and 
1200^0.,  however,  the  weight  lessee  increase  with  sodium  content. 

The  behavior  of  the  sodium-containing  pellets  might  be 
explained  by  the  fact  that  metallic  sodium  boils  at  SSO^C.^®  If, 
during  the  pre-oxldatlon,  the  sodium  Is  converted  to  Na20,  which  la 
subsequently  reduced  by  the  abundant  carbon  In  the  pellets,  metal¬ 
lic  sodium  could  simply  distill  from  the  pellets  during  heat  treat¬ 
ment  at  lOOOoC.  and  1200OC. 

Other  evidence  for  this  popr,ibility  is  the  fact  that  the 
analyses  of  the  1000©  sodium  pellets  show  a  much  smaller  variation 
In  doping  level  than  would  be  expected  from  the  original  ion  con¬ 
centrations  and  volume  variations  observed  In  the  doped  resin. 

Also,  the  Initially  highly  doped  pellets  exhibited  a  very  low  den¬ 
sity  (Table  4),  blistered  appearance  and  weakness  when  pyrolyzed  at 
lOOQO  and  1200OC.  Such  a  distillation  of  the  doping  metal,  however, 
would  not  explain  the  high  weight  loss  In  a  sodium-doped  pellet 
pyrolyzed  at  800oc,,  nor  would  It  account  for  the  behavior  of  the 
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Table  3«  -  Weight  Losses 


Pyrolysis  Temperature 


Atom  % 

Code 

8000 

10000 

12000 

0  Ca 

19.8^ 

23.8^ 

26,2% 

1.06 

IV 

21.6 

26.9 

29.3 

2.36 

III 

25.0 

30.6 

32.6 

5.05 

II 

29.7 

33.1 

33.5 

9.33 

I 

36.6 

40.4 

40.0 

0  Th 

MH4 

19.8 

23.8 

26.2 

0.322 

IV 

19.6 

23.7 

23.4 

0.775 

III 

18.4 

21.6 

22.4 

2.63 

I 

15.6 

18.5 

19.5 

2.81 

II 

14.5 

16.0 

16.5 

0  Na^ 

NH4 

19.8 

23.8 

26.2 

1.43 

IV 

19.4 

26.6 

31.4 

1.66 

III 

17.8 

27.3 

33.0 

2.36 

II 

28.8 

40.5 

47.3 

2.38 

I 

— 

62.6 

64.6 

Ik 


Valid  only  for  1000®  samples  actually  analysed. 
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oalolum-doped  pellets  since  caloixim  does  not  boll  until  1240°C.^'^ 

It  Is  possible  that  sodium  and  ealolun  oatalyte  the 
reactions  which  lead  to  weight  loss. 

Resistivity 

The  room-temperature  (20OC.)  resistivities  of  the  pellets 
as  a  function  of  pyrolysis  temperature  are  shown  In  Figure  3.  In 
all  cases,  the  curves  are  quantitatively  similar,  the  resistivities 
showing  a  largo  drop  between  800®  and  lOOOoc.  and  leveling  off 
above  lOOOOc,  This  correlates  with  the  observation  that  the  major 
portion  of  the  weight  loss  In  pyrolysis  occurs  below  lOOQo,  Indi¬ 
cating  that  the  materials  undergo  major  structural  changes  in  the 
8000  to  10000  temperature  range. 

Below  8000^  the  pellets  evidently  contain  fairly  large 
amounts  of  H,  N  and  0.  As  the  pyrolysis  temperature  Is  raised 
these  elements  are  driven  off  as  volatile  gases  (H2O,  CO,  CO2,  NH3, 
CH4,  and  higher  hydrocarbons,  etc.),  as  the  remaining  material 
begins  to  condense  Into  small  crystallites.  The  loss  of  volatiles 
would  be  expected  to  produce  free  radicals  at  the  edges  of  the 
crystallites,  which  In  turn  create  carriers  (see  equation  1,  Intro¬ 
duction).  As  the  pyrolysis  temperature  Is  raised,  more  carriers 
are  produced  by  the  dissociation  of  carbon  atoms  In  the  crystallite 
Interiors  (equation  2,  Introduction).  The  size  of  the  crystallites 
also  Increases  with  the  pyrolysis  temperature.  Since  It  has  been 
shown  that  graphitic  structures  (as  those  crystallites  are  presumed 
to  have)  are  relatively  good  conductors  along  their  planar  dimen¬ 
sions  ( /'  •  10"^  to  10"^  ohm-cro)®.  Increasing  these  dimensions 


logically  Increases  the  overall  conductivity  of  the  material. 
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Sodium  doping  appears  to  make  the  resistivity  less 
temperature  sensitive.  At  SOOOC.,  the  reslstivltlee  of  the  sodluia- 
doped  samples  are  lower  than  that  of  the  undoped  pyro-polymer, 
while  at  lOOQO  1200°,  they  are  higher. 

Data  for  the  undoped  pyro-polymers  agree  fairly  well 
with  previous  result 

The  peculiar  variations  of  resistivity  with  doping  level 
are  Illustrated  in  Fit^uro  4.  in  the  case  of  the  calcium-doped 
specimens,  the  resistivity  is  first  seen  to  decrease  slightly, 
followed  by  a  large  increase,  another  slight  decrease  and  then  a 
gradual  rise  as  the  calcium  content  is  increased.  Addition  of 
thorium  initially  increases  the  resistivity,  which  then  slowly  drops 
and  levels  off  at  a  value  below  that  of  the  undoped  polymer. 

The  shapes  of  any  one  of  these  curves,  particularly  those 
for  the  calcium-doped  samples,  would  ordinarily  be  ascribed  to  ex¬ 
perimental  error  or  other  random  variation.  However,  the  similar¬ 
ity  in  the  shapes  of  curves  obtained  independently  at  the  three 
different  pyrolysis  temperatures  (they  practically  could  be  super¬ 
imposed  by  translation  along  the  resistivity  axis)  precludes  such 
an  explanation.  In  addition,  behavior  qualitatively  similar  to 
that  observed  in  the  thorium-doped  materials  was  previously  re¬ 
ported  for  nickel-doped  polymers  pyrolyzed  at  1000°  and  1200^0.^ 

In  the  latter  case  it  was  attributed  to  an  increase  in  electron 
scattering  due  to  distortion  of  the  crystallite  lattice  by  the 
doping  metal^. 

If  the  shapes  of  these  curves  is  to  be  attributed,  at 
least  in  part,  to  factors  other  than  the  doping  level,  these  factors 
must  have  contributed  their  effects  in  the  preparation  of  the  sam¬ 
ples,  since  each  pellet  of  a  given  doping  level,  although  Indlvi- 
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dually  molded  and  pyrolyzed,  came  from  the  aame  batch  of  molding 
powder,  A  comparison  of  the  resistivities  and  pellet  densities 
provides  a  possible  clue  (see  Table  3). 

If  all  other  factors  were  held  constant,  the  densities 
of  the  pellets  would  be  expected  to  vary  as  a  smooth  function  of 
the  doping  level.  Such  Is  not  the  case  for  these  pellets.  In 
many  Instances,  high  resistivities  are  seen  to  correspond  to  low 
pellet  densities,  and  vice-versa.  This  suggests  a  resistivity- void 
space  effect  similar  to  that  used  in  telephone  mouthpieces  and 
microphones.  These  density  variations  are  definitely  not  the  only 
cause  of  variations  in  resistivity  with  doping  level,  however,  since 
the  resistivities  are  by  no  means  smooth  functions  of  the  pellet 
densities.  These  density  variations  probably  arise  from  differences 
In  particle  size  In  the  original  molding  powder.  Slight  variations 
In  the  molding  cycle  probably  contribute  some  small  random  varia¬ 
tions,  also. 

An  attempt  has  been  made  to  co:'rect  the  resistivity 
values  for  density  variations,  based  on  the  assumption  that  resisti¬ 
vity  Is  Inversely  proportional  to  the  pellet  density.  Details  of 
the  procedure  are  given  in  the  Calculations  section.  The  corrected 
resistivity-doping  level  curves  are  shown  in  Figure  6.  As  may  be 
shown  by  comparing  Figures  4  and  5,  and  Table  4,  this  correction 
does  not  drastically  alter  the  shapes  of  the  curves,  but  it  does 
minimize  the  Initial  rise  end  eliminate  the  second  dip  In  the  data 
for  the  calcium-doped  samples. 

The  doping  metals  may  be  assumed  to  exist  in  one  (or 
more)  of  four  possible  states  in  the  pyro- polymers:  (1)  as  clusters 
of  the  free  metal,  as  is  thought  to  be  at  least  partially  the  case 
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Tabl*  4 


Atom  % 

Ga 

Code 

Pyrol. 

Tamp. 

P  maaaurad 

0% 

KH. 

8OOOC. 

.0598  -cm 

1.06 

IV 

.0530 

2.56 

III 

.0976 

5.06 

II 

.0956 

9.36 

I 

.113 

0 

10000 

.0109 

1.06 

IV 

.00931 

2.36 

III 

.0149 

6.05 

II 

.0142 

9.33 

I 

.0244 

0 

NH4 

12000 

.00914 

1.06 

IV 

.00745 

2.36 

III 

.0124 

6.06 

II 

.0111 

9.33 

I  ' 

.0159 

0 

NH^ 

8000 

.0598  il-cm 

.322 

IV 

.1048 

.775 

III 

.0989 

2.63 

I 

.0497 

2.81 

II 

.0753 

0 

NH^ 

10000 

.0109 

.322 

IV 

.0168 

.775 

III 

.0137 

2.63 

I 

.00998 

2.81 

II 

.00984 

0 

NH, 

4 

1200® 

.00914 

.322 

IV 

.0126 

.775 

III 

.0114 

2.63 

I 

.00783 

2.81 

II 

.00814 

d^maaaurad 

d^oaloul. 

l^oorr. 

1.24  g/00 

1.24  g/oo 

.0598n-ea 

1.31 

1.23 

.564 

1.19 

1.22 

.0950 

1.34 

1.19 

.108 

1.14 

1.15 

.112 

1,27 

1.27 

.0109 

1,33 

1.26 

.00983 

1,21 

1.26 

.0139 

1,36 

1.22 

.0158 

1,14 

1.18 

.0236 

1,28 

1.28 

.0914 

1,29 

1.27 

.00766 

1.14 

1.25 

.0113 

1.33 

1.23 

-.120 

1.15 

1.17 

.0154 

1.24 

1.24 

.0598  otaa-om 

1.22 

1.28 

.100 

1.34 

1.31 

.101 

1.98 

1.46 

.0674 

1.94 

1.48 

.0986 

1.27 

1.27 

.0109 

1.26 

1.30 

.0163 

1.39 

1.35 

.0141 

2.01 

1.50 

.0134 

1.96 

1.52 

.0127 

1.28 

1.28 

.0914 

1.23 

1.31 

.0118 

1.38 

1.36 

.0116 

2.00 

1.52 

.0103 

1.90 

1.53 

.0101 
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Tftbld  4  (Continued) 


In  order  of  deoreaslng  doping  level 


Atoa  % 

Code 

Pyrol .  measured 

d  measured 

d.oalcul. 

Pcorr 

Me 

Temp.  il-tw 

.il-o 

I 

8000 

II 

.0387 

1.30 

III 

.0330 

1.33 

IV 

.0331 

1.34 

2.36 

I 

10000  .0205 

.727 

1.22 

.0122 

2.36 

II 

.0167 

1.10 

1.22 

.0151 

1.86 

III 

•0114 

1.28 

1.24 

.0118 

1.43 

IV 

.0117 

1.23 

1.24 

.0116 

I 

12000  ,0149 

.0739 

II 

.0134 

1.01 

III 

.0984 

1.20 

IV 

.0979 

1.21 

27 


for  nickel-doped  pyro-polynere^,  (2)  as  oxides  (Na20,  CaO,  ThOg), 
(3)  as  carbides  (NSgCj,  CaC^,  ThC^)^®,  or  (4)  as  metal  bonded  in 
the  carbon  lattice.  Forma  (2)  and  (3)  would  be  expected  to  be 
non-conductors  in  the  solid  state^O.  On  this  basis,  increased  re¬ 
sistivity  could  be  ascribed  to  clusters  of  non-conducting  oxides 
or  carbides  hindering  carrier  transfer  between  crystallites  and  the 
stacked  sheets  of  the  crystallites.  Clusters  of  free  metal  would 
be  expected  to  produce  the  opposite  effect.  Metal  bound  in  the 
lattice  of  the  aromatic  carbon  sheets  might  increase  resistivity 
by  generating  hole  carriers,  or  decrease  it  by  causing  additional 
electron  scattering. 

In  the  ease  of  calcium,  the  presence  of  calcium  oxide, 
formed  in  the  pre-oxidation  step,  is  a  distinct  possibility. 
Analyses  show  (Table  2)  oxygen  to  be  present  in  excess  of  the 
stoichiometric  amount  needed  for  the  oxide,  although  the  O/Ca 
ratio  is  not  constant.  The  formation  of  calcium  carbide,  through 
the  reactlon^^  CaO  4  3C  -y  CO  4>  CaC2  also  cannot  be  ruled  out, 
in  view  of  the  large  excess  of  carbon  present.  Similar  possibili¬ 
ties  exist  for  other  metals. 

Another  mechanism  through  which  doping  might  influence 
the  resistivities  of  pyro-polymers  is  by  donation  of  electrons  to 
the  system  (if  the  free  metal  can  be  assumed  to  be  present  at  some 

f 

time  during  the  formation  of  the  pyro-polymers).  As  was  discussed 
in  the  introduction,  the  loss  of  small  molecules  is  thought  to 
leave  free  radicals  at  the  crystallite  edges,  which  in  turn  create 
holes 

® 'edge ^interior  ^^®*Udg6  ^^Unterior 

(bound  edge  (mobile  hole 
ion)  carrier) 
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In  the  presenoe  of  a  metal,  whose  outer  electrons  are  much  more 
loosely  bound  than  are  those  of  carbon,  the  following  type  of 
reaction  seems  entirely  logical  (using  calcium  as  an  example): 


Ca 


(bound  edge 
ion) 

The  above  reaction,  in  effect,  uses  up  holes  which  would 
otherwise  contribute  to  conduction  in  the  undoped  material.  In  non¬ 
degenerate  semi-conductors,  where  the  product  of  the  number  of 
positive  and  negative  carriers  is  always  the  same^^,  the  reaction 
would  result  in  a  corresponding  increase  in  the  number  of  electrons. 
Por  degenerate  semi-conductors  (as  these  materials  are),  however. 

It  has  been  shown  that  the  carrier  product  is  not  constant^^,  since 
the  maximum  possible  number  of  carriers  (limited  ultimately  by  the 
atoms  of  material  present)  is  being  approached.  Thus,  doping  of  a 
degenerate  semi-conductor  could  decrease  the  number  of  carriers 
through  this  mechanism,  thereby  increasing  the  resistivity.  It  is 
conceivable  that  the  metal  ions  might  contribute  some  ionic  conduc¬ 
tion,  but  their  mobilities  in  the  solid  state  would  be  extremely 
low  compared  to  those  of  electrons  and  holes,  and  they  would  con¬ 
tribute  little  to  the  overall  conduction. 

Reproducibility  of  resistivity  measurements  on  a  given 
sample  was  within  0.1^,  and  between  duplicate  samples  at  1000^  and 
12000  (where  the  resistivity- pyrolysis  temperature  coefficient  is 
small)  within  A  slightly  greater  deviation  (10-155^)  for  800® 

samples  is  felt  to  arise  from  slight  variations  in  the  pyrolysis 
temperature,  rather  than  the  measurement  procedure,  since  the  drop 
of  resistivity  with  pyrolysis  temperature  is  relatively  great  in 
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thls  temperature  range.  A  quantitative  estimate  (see  Calculations) 
shows  that  the  error  In  measurement  Is  probably  less  than  6%, 

Bnergy  Gap 

The  variation  In  energy  gaps  with  temperature  Is  shown 
In  Figure  6.  As  might  be  expected,  the  data  show  greater  scatter 
than  the  resistivity- pyrolysis  temperature  plots,  since  each  value 
of  energy  gap  Involves  two  Independent  measurements  of  resistivity 
and  temperature.  Nevertheless,  the  energy  gaps  are  seen  to  decrease 
with  pyrolysis  temperature,  but  a  comparison  with  Figure  3  shows 
that  the  decrease  la  less  than  that  of  resistivity  with  temperature. 
In  terms  of  the  band  theory,  this  Indicates  that  raising  the  pyro¬ 
lysis  temperature  decreases  resistivity  partially  by  increasing 
the  number  of  carriers  through  a  lowering  of  the  energy  gap,  but 
that  higher  carrier  mobilities  must  also  contribute  to  the  decrease. 
This  will  later  be  treated  in  a  more  quantitative  manner.  The 
latter  effect  probably  arises  from  the  Increase  In  size  of  the 
crystallites  with  pyrolysis  temperature,  allowing  carrier  to  progress 
with  fewer  "Jumps*'  between  crystallites. 

In  general,  increasing  the  doping  level  Is  seen  (Figure  7) 
to  cause  an  Initial  rise  In  the  energy  gap.  The  gap  appears  to 
level  off  at  higher  Impurity  concentrations.  This  rise  In  energy 
gap  is  consistent  with  the  previously  discussed  effect  doping  metals 
may  play  in  lowering  the  carrier  density. 

Hall  Coefficient 

Measurement  of  the  Hall  coefficients  of  the  pyro-polymers 
was  extremely  difficult,  largely  because  of  the  low  Hall  voltages 
encountered  (in  the  range  of  1  to  10  microvolts).  The  many  pit- 
falls  in  the  measurement  of  Hall  coefficients,  such  as  contact 
potentials,  heterogeniety  of  specimens,  thermal  effects,  etc.  have 
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been  elaborated  upon  in  the  literature^* It  Is  hoped  that 
they  were  minimized  by  platinum-plated  contacts,  low  currents, 
reversal  of  the  magnetic  field  and  current  flow  (giving  potential 
differences  of  twice  the  actual  Hall  Voltage),  and  by  averaging 
a  fairly  large  number  (6-10)  of  individual  determinations  on  each 
sample.  The  individual  determinations  were  usually  reproducible 
to  within  ii25-30^. 

Perhaps  the  most  significant  result  of  the  Hall  coeffi¬ 
cient  determinations  is  the  fact  that,  without  exception,  the 
coefficients  are  negative.  Since  this  result  conflicts  with  most 
of  those  observed  for  nickel-  and  aluminum-doped  pyro-polyraers-^**', 
it  was  verified  in  four  ways,  (1)  by  tracing  the  electrical  measure¬ 
ment  circuits,  by  calibrating  the  apparatus  with  (2)  a  known  piece 
of  n-type  germanium  and  (3)  a  directly  synthesised  p-type  organic 
semi-conductor  prepared  by  E.H.  Engelhardt,  and  (4)  by  qualitative 
Seebeok  ooefficient  measurements. 

Figure  8  presents  the  Hall  coefficients  as  a  function  of 
pyrolysis  temperatiare.  They  appear  to  decrease  (l.e,,  become  nega¬ 
tively  larger)  as  the  pyrolysis  temperature  is  raised,  althouc^ 
there  is  some  indication  (dotted  lines)  that  they  may,  in  certain 
Instances,  rise  slightly  to  a  maximum  near  1000°  before  decreasing. 

The  Hall  coefficient  shows  a  decrease  (becomes  negatively 
larger)  as  the  calcium  and  thorium  doping  levels  are  raised  (Figure 
9).  Although  the  decrease  is  greater  for  the  calcium-doped  samples, 
their  doping  levels  are  approximately  three  times  higher  than  those 
achieved  with  thorium.  The  slopes,  therefore,  are  roughly  compara¬ 
ble. 

These  Hall  coefficients  are  similar  in  sign  and  magni¬ 
tude  to  that  of  natural  graphite^.  Klein  has  recently  Interpreted 
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th«  Hall  ooaffiolent  as  a  msasura  of  morphologioal  perfeotlon  In 
terms  of  orystalllns  slsa  and  rotational  order.  Unfortunately, 
according  to  his  work  with  pyrolytic  graphites,  such  coefficients 
should  be  typical  of  highly  ordered  structures^,  a  description 
which  these  pyro-polymers  do  not  fit.  There  Is  some  Indication, 
howewer.  that  negative  Hall  coefficients  may  be  observed  for  soft 
carbons  In  a  range  of  pyrolysis  temperatures  investigated  here^. 

Hennlg  has  also  prepared  graphites  with  similar  Hall  coefflclents^^*^. 
The  coefficients  observed  here  agree  well  In  sign  and  magnitude  to 
those  observed  for  undoped  1000^  and  1200^  pyro-polymers  In  the  In¬ 
vestigation  of  nickel-doped  materials^. 

Thermoelectric  Power  (Seebeck  Coefficient) 

Qualitative  thermoelectric  power  measurements  were  made 
to  provide  an  Independent  check  on  the  sign  of  the  dominant  carrier 
In  the  pyro-polymers.  In  all  oases,  the  hot  end  of  the  pellet  was 
positive.  Indicating  n-type  conduction. 

X-Ray  Spectrographs 

An  X-ray  spectrograph  (Figure  10)  of  the  undoped  pellet 
pyrolyzed  at  1200^  showed  the  specimen  to  be  almost  amorphous  or 
to  be  microcrystalline.  Two  very  broad  maxima  were  observed  at 
20  ■  31°  and  55°.  using  Fe~  oc  radiation.  The  former  peak  corres¬ 
ponds  to  a  spacing  of  approximately  3.5  Angstroms,  the  distance 
between  layers  in  the  graphite  structure®.  The  most  highly  doped 
thorium  sample  (only  2.8  atom  %)  had  a  similar  spectrum.  Indicating 
that  the  metal  was  distributed  throughout  the  carbon  structure  In 
a  manner  which  does  not  produce  any  significant  crystallinity.  On 
the  other  hand,  the  highly  doped  sodium  (2,4  atom  %)  and  calcium 
(9.3  atom  %)  polymers  showed  sharp  peaks,  Implying  the  presence  of 
the  metals  In  clusters  of  crystalline  material.  The  broad  maxima 
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tt  20  ■  31®  and  550  were  also  eliminated  In  these  samples*  The 
least  highly  doped  calcium  sample  (1.1  atom  had  a  spectrum 
similar  to  that  of  the  undoped  material*  with  a  few  wery  mall 

peaka. 

The  above  results  provide  a  possible  explanation  for 
the  variation  in  resistivity  of  the  calcium-doped  pyro-polymers 
with  doping  level*  They  indicate  that  calcium  is  present  in 
different  forms  and  affects  the  polymer  structure  in  a  different 
manner  at  high  and  low  doping  levels* 

At  the  lowest  doping  level*  where  the  resistivity  is 
observed  to  decrease  slightly  from  that  of  the  undoped  material* 
the  presence  of  the  calcium  does  not  appear  to  contribute  much 
(if  any)  crystalline  material*  and  does  not  distort  the  basic 
structure  of  the  undoped  pyro- polymer •  At  these  low  concentrations* 
then*  the  calcium  may  exist  in  the  basic  carbon  crystallite  lattice* 
creating  additional  hole  carriers  in  a  manner  similar  to  that  in 
which  doping  with  a  trlvalent  metal  does  In  germanium  or  silicon* 
Beyond  a  certain  level*  however,  additional  calcium  can  no  longer 
be  accommodated  in  the  crystallite  lattice  structure,  and  it  then 
concentrates  In  crystalline  oxide  or  carbide  clusters  between  the 
crystallites  and  the  aromatic  layers,  causing  the  observed  dis¬ 
appearance  of  the  20-31°  maxiinum  by  a  distortion  of  the  normal 
graphite  layer  spacing  in  the  crystallites* 

Thorium*  which  does  not  appear  to  alter  the  structure  of 
the  undoped  material  at  the  doping  levels  achieved*  could  also  take 
Its  place  among  the  carbon  atoms  In  the  crystallite  lattice*  but 
since  it  la  tetravalent  like  carbon,  would  produce  no  holes*  Thus, 
the  Initial  rise  in  resistivity  with  thorium  doping  could  result 
from  the  scattering  mechanism  previously  postulated* 
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Sodium  almost  certainly  would  be  found  either  as  an 
oxide  or  carbide,  or  bound  to  the  crystallite  edges  due  to  Its 
high  reactivity,  any  or  all  of  which  would  produce  the  observed 
resistivity  Increase  at  1000^  and  1200oc. 

Estimation  of  Carrier  Densities  and  Mobilities 

The  carrier  densities  and  mobilities  In  these  pyro* 
polymers  may  be  estimated  from  typical  data  for  the  materials. 

Both  Intrinsic  and  single-carrier  models  will  be  used,  since  these 
materials  are  probably  somewhere  in  between  these  two  extreiseo. 
For  a  degenerate  semi-conductor. 


where 


VT"  «  conductivity,  (ohm-cm)“^  «  1/|  ■ 

I  el  ■  carrier  charge,  coulombs 

=  number  of  electrons  per  cm® 

n  ^  =  number  of  holes  per  cm® 

/i  =  electron  mobility,  cm® /volt-sec, 

'  e 

yU  ■  hole  mobility,  cra^/volt-aec , 

'  h 

c  -  “  mobility  ratio 

Rjj  -  Hall  coefficient,  cm®/coulomb 
At  1200<>c,  typical  data  for  the  pyro-polymers  are: 
Rr  ■  -2  X  10“®  cm®/coul. 

"J' =  lx  10®  (ohm-cm)"^ 

For  a  single  carrier  model,  n^  =  0,  and  the  above 
equations  reduce  to: 
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(?-  -  le/  /V 


;  ?K  ^  4 
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IC/ 


which  glwc  the  following  results: 


-1 


(1.6  X  10"^®)(-2  X  10*2) 


*  3  X  10^®  OBI*® 


/\  = 


102 


_  s  2  on 

(1.6  X  10*1®) (3  ^  io20)  v-sec. 


For  sn  Intrinsic  model,  •  n^.  The  mobility  ratio 
will  be  sitlmated  as  e  ■  2,  from  previous  work  with  nlokal-dopad 


pyro- polymer s2^.  The  equations 

then 

become: 

-rielk',,  " 

/■ 

//.  ■ 

/  'u 

J  '  C  -. 

and 

i(  i-t-  y  >r.'  Y~f‘' 

(J'  f 

/H 

i, 

—  J  C.^K 

-  ; 

u 

K 

H  ^  — 

If  the  density  of  a  typical 

pellet  Is 

taken  as 

1.3  g/oi 

and  It  Is  assvuned  to  be  comprised  only  of  carbon,  there  are 

X  6  X  10^®  -  6  X  1022  carbon  atoms 

cc 

1-4  X  lO^Q  ^  2_^  ^  10*®  carriers 
6  X  10^2  c  atom 

Similar  calculations  for  a  typical  SOOOc  pellet,  with 
Rjj  ■  -.01  cm®/coul  and  CT ■  0.17  (ohm-cm)"^  give 

n  »  2  -  6  X  lo2®  carriers/cm®,  and 
Ma.  -  0.17  -  0.34  cm2/v-sec, 

9 


•55- 


Thua,  oaloulatlona  baaed  on  Hall  meaaurementa  Indioate 
that  Inoreaaing  the  pyrolyala  temperature  deoreaaea  the  nvmber 
of  oarrlera,  and  that  the  deoreaaed  reaiatlvlty  la  therefore  due 
to  an  overriding  Inoreaae  in  the  carrier  mobilitlea. 

Aa  vaa  previoualy  noted,  meaaurementa  indioate  that 
inos^aaing  the  pyrolyala  temperature  Inoreaae a  the  number  of 
oarriera.  A  quantitative  eatimate  of  thia  effect  followa. 

It  may  be  ahovn  that  for  an  Intrlnaio  aeiai-oonduotor^^. 


z.n  \  ^ 


where 

P  defined  in  the  Caloulationa  aeotion 

m^  ■  effective  maaa  of  an  electron 

nj^  •  number  of  eleotrona  (or  holea)  per  om^ 

Aaauming  the  effective  maaa  doea  not  change  with  pyrolyala  tempara- 


where  aubaeript  1  aignifiea  the  800<’C  pyrolyala  temperature  and 
2  the  1000^  -  1200^  range.  Uaing  typical  Bq  valuea  and  the 
data  of  MoDougall  and  Stoner^®, 


pyrol.  temp. 

*0 

800®C 

.04  ev 

-0.79 

0.36 

1000®  -  1200® 

.01 

-  .  2 

.58 

“1 


0,58 
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Therefore,  according  to  energy- gap  data,  the  number  of 
carriers  Increases  roughly  by  a  factor  of  1.7  as  the  pyrolysis 
temperature  Is  raised  from  SOQOC  to  1000^  -  1200^0,  as  contrasted 
to  a  two-fold  decrease  in  carrier  concentration  calculated  from 
Hall  maaaurements. 

In  view  of  the  relative  accuracies  of  the  energy  gap  and 
Hall  coefficient  measurements,  calculations  based  on  the  former  are 
probably  closer  to  the  truth.  Also,  Interpretation  of  the  Hall 
coefficient  In  a  two-carrier  model  Is  not  as  simple  as  the  pre¬ 
ceding  equations  Indicate.  In  any  case,  resistivities  are  seen  to 
decrease  by  a  factor  of  approximately  six  or  more  over  the  800°  to 
1000°  -  1200OC  range,  indicating  that  the  major  factor  In  the  de¬ 
crease  over  this  range  Is  Increased  carrier  mobility,  which  In 
turn  probably  arises  from  the  growth  of  the  stacked  aromatic  sheets, 
allowing  carriers  to  progress  through  the  material  with  fewer 
"jwnps"  between  sheets. 

Using  the  above  bond  theory  equation  for  a  calcula¬ 
tion  of  the  carrier  concentration  from  data  may  be  made,  pro¬ 

viding  a  check  on  the  applicability  of  the  band  theory  to  the 
pyro- polymers . 

Assuming  m^  =  rest  mass  of  electron^*^  ■  9.1  x  10”^®  g 

h  •  1.05'1  X  10"''’^  «rg.  flee. 


ns 


kT  »  0.41  X  10"^^  ergs. 

at  1000°  -  1200OC  ■  .58 

j  2  X  9.1  X  10'^®  X  .41  X  10"^^ j 
(1.054  X  10“^'^)^ 


3/2 


n; 


1.5  X  lo’'"*  carrier^. 

cc 


X  .56 
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This  result  Is  roughly  an  order  of  magnitude  smaller  than  that 
obtained  from  reslstlvlty-Hall  coefficient  data.  In  view  of  the 
many  approximations  Involved  In  these  calculations,  the  discrepancy 
Is  not  too  great,  and  may  Indicate  a  limited  applicability  of  the 
band  theory  to  these  materials. 


If 


An  estimate  of  the  effective  mass,  m^  can  be  had: 


n^ 


■  1.0  X  10^0  cm 


-3 


A— ^  n' 


n^ 


n*  -  1.6  X  10^® 

o 

■  1.0  X  lo20 

■■ 

■  Jlr™"  "  ^ 

V  ■  44  .44  a  3 


6.667 
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CONCLUSIONS 

1*  The  sodium-,  calcium-  and  thorium-doped  pyro-polymers  In¬ 
vestigated  here  are  degenerate  semi-conductors.  They  exhibit 
a  decrease  in  resistivity  from  roughly  0.1  to  0.01  ohm-cm  as  tho 
pyrolyals  temperature  is  raised  from  800^  to  1200OC,  with  most 
of  the  decrease  occurring  between  800^  and  lOOO^’.  This  decrease 
may  be  Interpreted  as  being  due  primarily  to  an  Increase  In 
carrier  mobility  with  pyrolysis  temperature. 

2,  The  resistivities  of  the  pellets  may  be  roughly  doubled  by 
appropriate  Ca  or  Th  doping,  and  halved  by  Na  doping  at  a  pyro¬ 
lysis  temperature  of  8000,  but  they  vary  with  doping  level  In  a 
complex  manner.  Part  of  this  variation  may  be  ascribed  to 
variations  In  pellet  density,  but  most  of  It  Is  probably  due  to 
the  manner  In  which  the  impurity  Is  distributed  In  the  pyro- 
polymer.  In  any  case,  these  variations  aro  small  compared  to 
those  which  may  be  achieved  through  control  of  the  pyrolyala 
temperature . 

9.  The  materials  all  exhibit  the  negative  resistivity-temperature 
dependence  common  to  semi-conductors.  Energy  gaps  are  small,  on 
the  order  of  0.005  to  0.05  ev,  and  decrease  with  pyrolysis  tempe¬ 
rature,  reflecting  an  Increase  In  carrier  concentration  as  the 
pyrolysis  temperature  is  raised, 

4.  These  pyro-polymers  are  n-type  semi-conductors,  as  indicated 
by  Hall  coefficient  and  qualitative  thermoelectric  power  measure¬ 
ments. 

5.  The  Hall  coefficients  are  negative  and  very  small  (0  to  -0.05 
om^/coul.).  They  appear  to  decrease  slightly  (become  negatively 
larger)  with  both  pyrolysis  temperature  snd  doping  level. 
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6.  The  carrier  densities  for  a  typical  lOOQOC  pyro-polymer  are 
estimated  to  be  on  the  order  of  1-3  x  10^®  carrlers/cm®,  with 
mobilities  of  2-4  cm^/v-sec.  It  may  then  be  concluded  that 
there  Is  roughly  one  carrier  per  140-500  carbon  atoms  In  these 
materials. 

7.  X-ray  data  show  the  presence  of  crystalline  structure, 
probably  oxides  or  carbides^  in  the  sodium  and  highly  doped 
calcium  pyro-polymers,  while  the  lightly  doped  calcium  and  the 
thorium-doped  materials  exhibit  the  basically  amorphous  or  micro- 
crystalline  structure  of  the  undoped  pyro-polymers. 

COMPARISON  OP  Nl’-,  Al^^  Na,  Ca, 
and  Th  DOPED  PYRO-POLYMERS 

1.  The  resistivities  decrease  with  pyrolysis  temperature  In  a 
similar  manner  for  all  materials  and  are  of  similar  magnitude 
(0.01  -  0.1  ohm-cm). 

2.  Aluminum  doping  raises  the  resistivity  while  nickel  doping 
lowers  It.  At  a  pyrolysis  temperature  of  800Oc,  sodium  lowers 
the  resistivity,  but  at  1000°  and  1200°,  it  causes  a  slight  In¬ 
crease.  Calcium  Is  observed  to  first  lower  the  resistivity 
slightly  and  then  cause  It  to  Increase  as  the  doping  level  Is 
raised.  Thorium,  at  a  much  lower  maximum  doping  level  than  the 
others,  produces  an  initial  rise,  but  levels  off  with  little 
change  as  the  doping  level  is  raised. 

3.  Sodium,  calcium,  thorium  and  aluminum-doped  pyro-polymers  ex¬ 
hibited  negative  resistivity-temperature  behavior,  while  some  of 
the  nickel-doped  samples  had  positive  resistivity-temperature 
coefficients . 

4.  Thd  energy  gaps  for  all  the  pyro-polymers  studied  decreased 
with  pyrolysis  temperature,  and  were  of  the  same  order  of  magnl- 
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tude  (0  to  0.05  ev),  with  some  nlokel-doped  samples  showing  metalllo 
conduction  (negative  Sq)* 

5.  Hall  coefficients  for  Na,  Ca,  A1  and  Th-doped  polymers  were 
of  the  same  order  of  magnitude  (0  to  0,05  cm^/coul.)  but  those 
for  Hl-doped  materials  were  a  factor  of  ten  larger.  Na,  Ca 
and  Th-doped  materials  had  negative  coefficients  while  the  few 
measured  for  Al-doped  polymers  were  positive.  The  majority  of 
Hall  coefficients  of  the  Hl-doped  polymers  were  positive,  but 
those  few  which  were  negative  agreed  fairly  well  In  magnitude 
with  the  Ma,  Ca  and  Th-doped  materials. 

6.  Estimation  of  carrier  densities  and  mobilities  based  on 

thermoelectric  power  measurements  of  aluminum-doped  materials 
and  Hall  measurements  of  Na,  Ca,  or  Th-doped  polymers  agree 
quite  well  at  n  •  1-3  x  10^®  cm“^ 

•  1-4  cm^/v-sec. 

These  results  differ  slightly  from  those  calculated  from  Hall 
measurements  of  nickel-doped  pyro-polymers,  primarily  duo  to 
the  larger  Hall  coefficients  observed  In  the  latter  materials. 
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Palo  Alto,  California 

Attn:  Mr.  W.  A.  Kozumplik  (1) 

66s.  U.S.  Army  Signal  Liaison  Office 
Aeronautical  Systems  Division 
ATTN;  ASDL-9 

Wright-Patt arson  AFB,  Ohio  (2) 

67s.  USNSRD,  Facilities 
Clothing  &  Textile  Division 
3rd  Avenue  &  29th  Street 
Brooklyn  32,  N.Y.  (Librarian)  (1) 

68s.  C.  0.  USASRDL 
Fort  Monmouth,  New  Jersey 
Attn:  SIGRA/SL-XE 

Dr.  H.  H.  Kedesdy  (1) 


69s.  C.  0.  USASRDL 
Fort  Monmouth,  New  Jersey 
Attn:  SIGRA/SL-PDP 

Dr.  H.  Mette  (1) 

70a.  Chief,  U.S.  Security  Agey. 
Arlington  Hall  Station 
Arlington  12,  Virginia  (2) 

718.  Deputy  President,  U.S. A. 
Security  Agency  Board 
Arlington  Hall  Station 
Arlington  12,  Virginia  (1) 

728.  Space  Technology  Labs. 

P.  0.  Box  95001 

Los  Angeles  45,  California  (1) 

738.  Dr.  M.  S.  Cohen,  Chief 
Propellants  Synthesis  Section 
Reaction  Motors  Division 
Denvllle,  New  Jersey  (1) 

748*  Boeing  Airplane  Company 
Transport  Division 
P.  0.  Box  707 
Renton,  Washington 

Attn:  Mr.  F.N.  Markey,  Unit  Chief  (1) 

75s*  Commanding  Officer 
Ordnance  Materials  Res.  Office 
Watertown  Arsenal 
Watertown  72,  Mass. 

Attn:  RPD  (1) 

768.  Commanding  Officer 

Rock  Island  Arsenal 

Rock  Island,  Illinois 

Attn:  Mr.  R.  Shaw,  Laboratory  (1) 

778.  Monsanto  Chemical  Company 
Research  Engineering  Div. 

Boston  49,  Massachusetts 
Attn:  Mr.  K.  Warren  Easley  (1) 

78s.  R.  R.  Sowell,  Dept.  1110 
Sandia  Corp. 

Albuquerque,  New  Mexico  (1) 

79s.  L,  M.  t^erry.  Organ.  8115 
Sandia  Corp. 

Livermore,  California  (1) 


